The crystalline structure and molecular mobility of poly(vinylidene fluoride) (PVDF) blended with poly(methyl methacrylate) (PMMA) have been investigated using solid-state 19 F magic angle spinning (MAS) NMR spectroscopy. The origin of the characteristic crystalline peaks observed for three typical polymorphs of PVDF (a-, b-and c-forms) are explained based on the density functional theory (DFT) calculations of a model compound. Variations in the crystalline conformation of PVDF chains in the blends, the degree of crystallinity and the molecular mobility in the amorphous phase are quantitatively analyzed using the NMR spectral shapes and the 19 F spin-lattice relaxation time in the rotating frame (T 1q 
INTRODUCTION
Poly(vinylidene fluoride) (PVDF), having a repeating unit of À(CH 2 ÀCF 2 )À, has been reported to possess several crystalline polymorphs (a-, b-, g-, d-, e-forms). [1] [2] [3] [4] The main chain conformations of the a-, b-and g-forms are tg þ tg À , all-trans (tttt), tttg þ tttg À , respectively. The melting temperatures (T m ) vary in the range of 170-190 1C depending on the crystalline polymorphs. The glass transition temperature (T g ) is below À35 1C, indicating that the amorphous phase is in the rubbery state at ambient temperatures. Wang and Nishi 5, 6 have reported that semi-crystalline PVDF is compatible with amorphous poly(methyl methacrylate) (PMMA) in the molten state, although PVDF forms crystallites in blends when the weight fraction of PVDF is high. With wide-angle X-ray diffraction and FT-IR spectroscopy, Horinabe and Baba 7 investigated the PVDF crystalline structures in PVDF/PMMA blends at variable weight fractions with different thermal treatments. They reported that PVDF component crystallized in the b-form when the weight fractions of the blend are between [PVDF/PMMA] ¼ [70/30] and [80/20] . Furthermore, several researchers have investigated the morphology of PVDF and PVDF/PMMA blends using differential scanning calorimetry (DSC), FT-IR, X-ray diffraction, and solid-state 13 C CP/MAS NMR. [8] [9] [10] [11] These techniques, however, have difficulties investigating the detailed morphology and molecular mobility of PVDF and PVDF/PMMA blends on the molecular level. For instance, the IR absorptions and wide-angle X-ray diffraction peaks from PVDF crystallites are, in general, overlapped by the peaks from amorphous PMMA. In particular, it is nontrivial to distinguish the crystalline structure of the b-form from the g-form because both are elongated chain conformations.
Solid-state 19 F magic angle spinning (MAS) NMR has been a versatile tool for investigating the morphology of fluorine-containing polymers, including the degree of crystallization, the conformation of crystalline forms and local and global molecular motion. The high natural abundance of 19 F nuclei (100%) and the high magnetogyric ratio (94% of 1 H) are advantageous to the solid-state 19 F MAS NMR measurements. In addition, 19 F MAS NMR spectrum can be investigated in detail owing to the large chemical shift range (4200 p.p.m.) of the 19 F nuclei. [12] [13] [14] Holstein et al. 15, 16 have investigated the polymorphism in PVDF using 1 H-decoupled solidstate 19 F MAS NMR. One PVDF sample, prepared through biaxial drawing of a film, mainly contained b-form, other samples, prepared by melt-recrystallization, mainly contained a-form. They reported that the crystalline a-form PVDF has two peaks with the same signal intensity at d F ¼ À82 and À98 p.p.m., whereas the crystalline b-form of PVDF has a single peak at d F ¼ À98 p.p.m. for its crystalline domain. The differences between the spectra of the a-and b-forms were well explained based on chain conformation, taking into account the well-known g-gauche shielding effect. All the fluorines in an alltrans b-form are equivalent and have two g-gauche interactions with carbons, whereas the fluorines are non-equivalent for the a-form and, because of its tg þ tg À conformation, one of these two fluorines has one g-gauche and one g-trans carbon. The chemical shift of the b-form is thus expected to nearly coincide with one of those of the a-form. The present authors have investigated solid-state 1 H- 19 17, 18 In addition, we have investigated the molecular structure and dynamics of a vinylidene fluoride oligomer telomerized by carbon tetrachloride (Cl-OVDF) and its inclusion compound b-cyclodextrin using 1 H- 19 F CP/MAS NMR. 19 The crystalline-selective 19 F CP/MAS spectra observed for a refined Cl-OVDF with a larger molecular weight agrees well with the MAS spectrum of PVDF in the g-form reported by Hucher et al. 20 Therefore, the major crystalline polymorph in the sample was identified as g-form (tttg þ ttttg À ).
Veeman and coworkers 10, 11 investigated the scale of miscibility in PVDF/PMMA blends using 19 In this paper, the crystalline structure, degree of crystallinity and the local molecular mobility in the amorphous phase of PVDF chains included in a series of PVDF/PMMA blend films have been investigated from the spectral shapes and the relaxation time (T 1r F ) obtained from 19 F MAS NMR spectra with the aid of quantum chemical calculations of nuclear magnetic shielding.
EXPERIMENTAL PROCEDURE Preparation of PVDF films
PVDF (KF-850; M w ¼ 30.7 Â 10 4 ) was obtained from Kureha Chemical Industry Co., Ltd. (Tokyo, Japan) and atactic PMMA (M w ¼ 120 000) was purchased from Aldrich (Milwaukee, WI, USA). PVDF pellets were pulverized into a granular powder using a fracture machine to facilitate MAS spinning. The powder contains a-form crystallites as the major component because it is the most stable conformation in melt-crystallized PVDF. The characteristic IR bands at 976, 855, 795 and 766 cm À1 are all assignable to the a-form. This sample will be called 'a-powder' . A Kureha KF Piezo Film (b-film; Kureha, Tokyo, Japan) containing b-form crystallites as the major component was prepared through the uniaxial drawing of a PVDF film containing a-form crystallites and applying a high-voltage poling to a film in which the crystal structures have an all-trans b-form conformation. The characteristic IR bands at 840, 511 and 470 cm À1 are all assignable to the b-phase. A PVDF film containing g-form crystallites as the major component (g-film) was prepared by dissolving PVDF powder in N,N-dimethylformamide, casting the solution on a plate, annealing at 170 1C for 12 h, 21 followed by cooling at a standard rate (for example, 10-20 1C min À1 ). The characteristic IR bands at 835, 510 and 430 cm À1 are all assignable to the g-phase, although a certain amount of bform (470 cm À1 ) is included. These samples (a-powder, b-film and g-film) were prepared as reference samples, which were used to estimate the chain conformation generated in the PVDF/PMMA blend films.
Preparation of PVDF/PMMA blends N,N-dimethylacetoamide (DMAc) was purchased from Kanto Chemical Industry Co., Ltd. (Tokyo, Japan). PVDF and PMMA pellets were dissolved in DMAc to make polymer solutions with a total concentration of 25 wt%. Ten different weight fraction blends were used to make various polymer solutions, PVDF/PMMA ¼ 100:0, 80:20, 70:30, 65:35, 60:40, 55:45, 50:50, 45:55, 40,60 and 20:80 were prepared. Blended films were obtained by spin coating the various solutions onto silicon substrates followed by drying at 70 1C under atmospheric pressure for 1 day followed by 2 days under vacuum. 22 To enhance the compatibility between PVDF and PMMA on the molecular level, these films were annealed at 200 1C for 5min and then quenched to 01C through immersion in ice water. In this study, a blend sample of PVDF:PMMA ¼ X:(100 ÀX) (wt%) is denoted as [X/100 ÀX].
Solid-state 19 F MAS NMR measurements
Solid-state 19 F MAS NMR was performed on a JEOL EX spectrometer (JEOL, Tokyo, Japan) operating at 282.65 MHz for 19 F and 300.4 MHz for 1 H, respectively, with a Chemagnetics 1 H-19 F double-tuned APEX MAS probe. The samples were spun at the magic angle at a rate of 16 kHz. Because of frictional heat attributed to the high-speed MAS, the ambient probe temperature was 68 1C. The p/2 pulse for 19 F nuclei was 3.0 ms (ca. 83kHz), and 1 H decoupling fields was ca. 68 kHz. The number of transients acquired for each spectrum was 32 or 64 times, and the recycle delay time was 5.0 s. In the 19 F spin-lattice relaxation time rotating frame (T 1r F ) measurement, the 19 F magnetization is spin locked for a variable spin-lock time, t SL , prior to signal acquisition. Chemical shifts are quoted with respect to the signal for CFCl 3 (0 p.p.m.) as an external standard. To correct Bloch-Siegert shift, liquid C 6 F 6 ( À163.6 p.p.m.) was measured with 1 H decoupling (68 kHz). 23 
DSC measurements
Glass transition temperatures (T g ) of the blends were determined using a differential scanning calorimeter (SEIKO Instruments, Tokyo, Japan, DSC-220). The measured temperature range was between À80 and 200 1C with a heating rate of 10 1C min À1 .
Magnetic shielding calculation
A model compound containing 8-mers of the VDF sequence, CH 3 CF 2 À (CH 2 ÀCF 2 ) 7 ÀCH 3 , was adopted for the 19 F nuclear magnetic shielding calculation. Density functional theory (DFT) calculations were performed using the Gaussian-09 B.01 software package in which B3LYP/6-311G(d) was used for geometry optimization and B3LYP/6-311 þ G(2d,p) was used for the magnetic shielding calculations.
RESULTS AND DISCUSSION
PVDF crystalline structures in reference samples Figure 1 shows the solid-state 19 F MAS NMR spectra of the a-powder, b-film and g-film of PVDF. Spectra (a)-(c) were observed using a direct polarization (DP) pulse sequence with broadband 1 H decoupling (DP), and spectra (d)-(f) were observed using the crystallineselective pulse sequence with spin locking (SL) for 20 ms. Each spectrum can be fitted by a combination of Lorentzian broadening functions. 18, 19 In the DP spectrum of the a-powder (Figure 1a 4 In the SL spectrum (Figure 1d ), the resonances from the crystalline components (peaks A and B) with longer T 1r F , are selectively enhanced, although the residual signals from the amorphous (C) and regio-irregular components (D, E) are still observed. When compared with the spectra of the a-powder, peak A is not observed for the b-film (Figures 1b and e) , whereas two resonances at higher ( À84.2 p.p.m.) (F) and lower (-101.3 p.p.m.) (G) frequencies are additionally observed for the g-film (Figures 1c and f) . The peaks of A, B, F and G have been attributed to the crystalline domains based on the SL spectra (Figure 1f ). Because pure g-form crystallites would give four equally intense peaks, 19 the larger intensity of the B peak compared with peaks A, F and G indicate that a certain amount of bform crystallites is incorporated into the g-film.
To understand the origin of the characteristic peaks for the three crystalline polymorphs, 19 F nuclear magnetic shieldings are calculated for a model compound consisting of an 8-mer sequence of VDF, CH 3 CF 2 À(CH 2 ÀCF 2 ) 7 ÀCH 3 . Figure 2 shows the stick spectra of 19 F shieldings calculated for a-, b-and g-forms. Figure 3 shows the geometries of the model having the three forms, which were optimized by the DFT calculation. The lattice constants along the polymer chain axis for a-, b-and g-forms have been reported as 4.62 Å 1 , 2.56 Å 4 and 9.18 Å 2 , and those estimated from the optimized geometries are 4.47 Å , 2.53 Å and 9.14 Å , respectively. The molecular structure of the PVDF chains in each form was well reproduced within errors of 0.4-3.2%. As explained by Holstein et al., 15, 16 two fluorines bonded to the same carbon in the a-form are nonequivalent because of its tg þ tg À conformation. In Figure 3 , interatomic distances shorter than 3.2 Å are displayed for 1) fluorine (F) G , and F F ) in the g-form, having the tttg þ tttg À conformation, are nonequivalent, and each fluorine exhibits different shielding, as shown in Figure 2 . In particular, F G shows a characteristic resonance at the lowest frequency, that is, the largest shielding, except for the regioirregular components. As shown in Figure 3 , F G is adjacent to two ggauche carbons and three d-fluorines, which is equivalent to F B' in the b-form. It should be noted, however, that the inter-atomic distances between F B' and its two g-gauche carbons are short (2.83 Å ) and slightly long (3.13 Å ), whereas those between F G and its two g-gauche carbons are both short (2.86 Å and 2.89 Å ). The superposition of two strong g-gauche effects endows F G with the most shielded resonance. As demonstrated by the experimental and calculated spectra, peak G (the resonance of F G ) is a characteristic resonance of PVDF g-form.
PVDF crystalline structures in PVDF/PMMA blends Figure 4 shows the 19 (Figures 4c and f) , indicating that the major crystalline structure in [50/50] is characterized as the a-form. Horinabe and Baba 7 suggested that the crystalline structure of PVDF [20/80] . This finding clearly indicates that PVDF and PMMA are fully compatible on the molecular level and that PVDF chains are completely included in the amorphous phase. This fact is supported by the good optical transparency of these films, whereas the semi-crystalline blend films at the higher PVDF fractions (50%) look slightly translucent owing to visible light scattering. Although the DP spectra of these blends appear similar to each other, the values of the full width at half maximum for the main peaks are 4.7, 5.7 and 6. 
Molecular mobility of the amorphous phase
The 19 F MAS NMR measurements with variable SL times were performed to investigate the molecular mobility of 19 F nuclei in the blends. Figure 8 shows the variations in the 19 F spin-lattice relaxation time in the rotating frame (T 1r F ) observed for the amorphous signal C ( À88.7 p.p.m.) and the T g s for the blends with different PVDF fractions. For the PVDF homopolymer [100/0], the a-relaxation temperature estimated by dynamic modulus spectroscopy was adopted as the T g value because the glass transition was not clearly detected by DSC. In addition, the T g of [80/20] is not plotted because the glass transition was not detected by DSC and dynamic modulus spectroscopy. Note that the T g is significantly elevated from À37 1C to þ 52 1C by blending 30 wt% of PMMA into F values exhibit rubber-like behavior, which is because the T g s of these blends is lower than the measurement temperature (68 1C), as depicted in Figure 8b . [20/80] with the lower PVDF fraction, which demonstrates that the molecular motion of the PVDF chains is restricted as the minor component in the blend. This is also reflected in the fact that the T g (108 1C) of [20/80] goes over the measuring temperature owing to the high PMMA fraction (80 wt%). The variations in T 1r F partly agree with the gradual increases in spectral widths of the amorphous signals, as discussed above.
CONCLUSION
The origin of the characteristic resonances in typical polymorphs of PVDF (a-, b-and g-forms) is explained based on the DFT magnetic shielding calculation of an 8-mer chain of PVDF. The steric effects represented by 'g-gauche interactions' between C and F atoms and the 'd-interactions' between two F atoms induce significant low-frequency shifts to fluorine atoms, which are the main cause of the chemicals shifts observed in the polymorphs. The crystalline structure and molecular mobility of PVDF blended with PMMA were investigated by 19 
